The structural and energetic properties of purely siliceous, proton-, and Cu-and Co-exchanged chabazite have been studied using periodic density-functional (DFT) calculations with both conventional gradient-corrected exchange-correlation functionals and hybrid functionals mixing exact (i.e., Hartree-Fock) and DFT exchange. Spin-polarized and fixed-moment calculations have been performed to determine the equilibrium and excited spin-configurations of the metal-exchanged chabazites. For the purely siliceous chabazite, hybrid functionals predict a slightly more accurate cell volume and lattice geometry. For isolated Al/Si substitution sites, gradient-corrected functionals predict that the lattice distortion induced by the substitution preserves the local tetrahedral symmetry, whereas hybrid functionals lead to a distorted Al coordination with two short and two long Al-O bonds. Hybrid functionals yield a stronger cation-framework binding that conventional functionals in metal-exchanged zeolites, they favor shorter cation-oxygen bonds and eventually also a higher coordination of the cation. Both types of functionals predict the same spin in the ground-state. The structural optimization of the excited spin-states shows that the formation of a high-spin configuration leads to a strong lattice relaxation and a weaker cation-framework bonding. For both Cu-and Co-exchanged chabazite, the prediction of a preferred location of the cation in a six-membered ring of the zeolite agrees with experiment, but the energy differences between possible cation locations and the lattice distortion induced by the Al/Si substitution and the bonding of the cation depends quite significantly on the choice of the functional. All functionals predict similar energy differences for excited spin states. Spin-excitations are shown to be accompanied by significant changes in the cation coordination, which are more pronounced with hybrid functionals. The consequences of electronic spectra and chemical reactivity are analyzed in the following papers.
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I. INTRODUCTION
During the last decades, important progress has been realized in theoretical investigations of the physicochemical properties of complex solids based on density functional theory (DFT). DFT allows to recast the intractable complexity of a many-electron system into an effective one-electron potential determined by the exchange-correlation functional. This functional describes the complex kinetic and energetic correlations between one electron and all the other electrons in the system. The form of the functional that would make the re-formulation of the many-body Schrödinger equation exact is not known, but a hierarchy of approximations (nicknamed by Perdew 1, 2 the "Jacob's ladder" of DFT) aiming to achieve step-by-step an ever increasing accuracy of the DFT predictions has been developed. The four rungs on Jacob's ladder accessible to date are (i) the local density approximation (LDA), (ii) the generalized gradient approximation (GGA), (iii) the meta-GGA introducing a dependence on the Laplacian of the electron density (i.e., the density of the kinetic energy), and (iv) hybrid functionals mixing DFT and exact (i.e., HartreeFock (HF)) exchange. The LDA predicts structural properties a) Author to whom correspondence should be addressed. Electronic mail:
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with reasonable accuracy, albeit with a certain tendency to overbind: molecular bond lengths and lattice constants are too small by a few percent, cohesive energies are overestimated. More serious failures of the LDA are pronounced overestimations of the adsorption energies of atoms or molecules on solid surfaces and within microporous materials, combined in some cases with qualitatively wrong predictions of the potential energy profiles for adsorption (presence or absence of a barrier in the entrance channel for adsorption) 3, 4 or for the adsorption site. 5 For the adsorption of saturated molecules in zeolites, LDA calculations strongly overestimate the strength of the interaction with the inner walls of the cavity, which is mediated by dispersion forces which are not described by DFT. 6, 7 GGA functionals such as the Perdew-Wang (PW91) (Ref. 8) or the Perdew-Burke-Ernzerhof (PBE) (Ref. 9) functionals cure the overbinding tendency of the LDA to a good extent, but do not improve the prediction of certain electronic properties such as the energy gap between the highest occupied (HOMO) and the lowest unoccupied (LUMO) eigenstate in molecules or in semiconducting and insulating solids. This problem also affects DFT predictions on the adsorption of molecular species because it leads to a too strong partial occupation of the LUMO, favoring highly coordinated adsorption configurations. 5, 10 A correct prediction of the HOMO-LUMO gap in molecules or of the bandgap in solids requires, in principle, computationally very demanding techniques based on many-body theory such as GW calculations. [11] [12] [13] However, it has also been demonstrated that hybrid functionals mixing exact and DFT exchange (such as the B3LYP, 14 PBE0, 15 and Heyd, Scuseria, and Ernzerhof (HSE) (Refs. 16 and 17) functionals) not only achieve improved results for molecular and crystalline geometries and atomization energies, but also for HOMO-LUMO gaps in molecules and bandgaps in solids in consistently good agreement with the computationally much more demanding GW calculations.
However, hybrid functionals do not perform equally well for all classes of materials, and there are also significant differences between different types of hybrid functionals. While the accuracy of atomization energies of small molecules calculated using the parameterized B3LYP functional (which is very popular in molecular quantum chemistry) and using the parameter-free PBE0 functional are essentially on par, for solids the picture is entirely different. Atomization energies calculated using B3LYP are less accurate than the results achieved using conventional GGA functionals (PW91, PBE) for all classes of materials, the discrepancies being largest for metals. 18 The reason for the failure of the B3LYP functional is that the exchange-correlation energy is overestimated for atomic-like and underestimated for itinerant systems, the functional also fails to reproduce the homogeneous electron gas limit. 19 Other hybrid functionals (PBE0, HSE) perform somewhat better, but reach at best the performance of pure GGA functionals. Functionals based on screened exchange interactions (HSE) lead to more accurate energies than those using pure Hartree-Fock exchange (PBE0). Adsorption energies of small molecules on metallic surfaces are generally overestimated by GGA calculations. Recent studies of CO adsorption using hybrid functionals have shown that the error is reduced for CO on Cu surfaces, but even increased on Rh and Pt surfaces. 10 The reason is that the broadening of the d-band caused by the admixture of exact exchange and the downshift of its center of gravity overcompensates the down-shift of the HOMO of the adsorbed molecule. The performance of hybrid functionals is most problematic for magnetic systems, because the admixture of exact exchange causes a strong enhancement of the exchange-splitting between spin-up and spin-down states. For ferromagnetic Fe, for example, this leads to an enhancement of the magnetic moment 18 from a PBE value of 2.2 μ B (in perfect agreement with experiment) to a much too high value of 2.7 μ B . On the other hand, hybrid functionals lead to a much improved description of the properties of antiferromagnetic insulators. 20 Little is known about the relative performance of both types of functionals for solids containing isolated magnetic ions. Significant differences between pure DFT and hybrid functionals have also been found for other properties: For small molecules such as NO or CO, hybrid functionals predict shorter (and hence more realistic) bond lengths, 21 but much higher (and considerably less accurate) stretching frequencies. 22 Little is known about the influence of the choice of the functional on the vibrational eigenstates of solids. Recently, the phonon dispersion relations of the elemental semiconductors have been analyzed by Hummer et al. 23 As for the small molecules, slightly lower and -for Si, Ge, and Sn -slightly more accurate lattice constants were found with the HSE functional, differences in the phonon frequencies calculated at the equilibrium lattice constants are very modest with the most accurate results achieved with the PBE functional. It is evident that standard tests of functionals concentrating on elementary properties such as bond lengths or lattice constants, atomization energies and bandgaps are only of limited help in choosing the most appropriate exchange-correlation functional for calculating the properties of complex solids such as metal-exchanged zeolites, let alone for studying the adsorption of small molecules at the active sites within the zeolite. In their purely siliceous form zeolites (i.e., microporous forms of silica) are wide gap insulators-hence the choice of a hybrid functional such as HSE predicting an accurate gap width seems to be appropriate. Zeolites can be chemically functionalized by substituting a minority of framework Si atoms by Al and compensation of the electron-deficit on the framework by introducing electron-donating extra-framework atoms such as hydrogen or metal atoms. These extra-framework particles bind to "activated" oxygen atoms close to the Al/Si substitution sites, donation of electrons to the framework formally leads to the formation of extra-framework cations with Lewis-or protons with Brønsted-acidity. Transition-metal cations with open d-shells carry a magnetic moment. The significant differences in the exchange splitting predicted by conventional GGA and hybrid functionals will lead to very different predictions for the position of the occupied and empty d-states of the cation relative to the bands of the framework, affecting the chemical reactivity of the Lewis sites. The experimental characterization of the coordination and of the physicochemical properties of transition-metal cations in zeolites is a very difficult task. The usefulness of x-ray diffraction (XRD) methods is limited because XRD determines only an average structure around a given crystallographic site, whether it is occupied or not. 24 A more direct information on the cation coordination is provided by spectroscopic methods (x-ray photoelectron spectroscopy of the core states of the cations, photoluminescence spectroscopy of valence states). [25] [26] [27] The reactivity of the active sites is often characterized by measuring the vibrational spectra of adsorbed probe molecules. [28] [29] [30] However, the assignment of particular spectroscopic features to particular cation locations is rather indirect-very often a reliable interpretation of the measured spectra is possible only via their comparison with theoretical calculations. However, the results of such calculations will also depend on the accuracy of the predicted molecular properties.
DFT calculations based on both conventional local and semi-local (gradient-corrected) exchange-correlation functionals, 31, 32 hybrid functionals and Hartree-Fock calculations 33 have already a long tradition in zeolite research. However, because Hartree-Fock and hybridfunctional calculations on periodic systems became feasible only rather recently, 18, 21 two different approaches have been developed in parallel. Calculations based on periodic models of zeolites have been performed using pure DFT (mostly GGA) functionals. Their advantage is that they permit to construct realistic models of the active sites and account for the flexibility of the zeolite framework. Recent work has demonstrated that both the adsorption energies and the vibrational eigenstates of adsorbed species show large variations correlated to the structure and activity of the acid site. [34] [35] [36] Hartree-Fock and DFT calculations of the structure and stability of different silica polymorphs (including the zeolites sodalite, chabazite, faujasite, and edingtonite) have been performed by Civalleri et al. 33 using their CRYSTAL code. Structural optimizations have been performed only at the HF level, leading to a slight overestimate of the lattice constants. Correlation corrections were applied a posteriori at a fixed geometry. It was demonstrated that DFT calculations destablize the open structures of the zeolites relative to α-quartz more than Hartree-Fock calculations (by 2-5 kJ/mol, depending on the zeolite type), with hybrid functionals lying in between. Hybrid functionals have been used almost exclusively in calculations based on cluster models-either using finite clusters with the dangling bonds saturated by hydrogen atoms, or clusters embedded within a static model of the surrounding framework described at a lower level. Within the QM-Pot approach 37 the surrounding of the cluster is modeled using empirical interatomic forces, more advanced techniques start with a DFT calculation of the periodic system and correct the total energy by the difference between the energies of a finite cluster surrounding the active site, calculated using conventional DFT and hybrid functionals for the frozen DFT geometry. 38, 39 For both types of cluster calculations, careful tests of the convergence with respect to the cluster size are required. The available results demonstrate that both for the coordination of the extra-framework cations 40 and for the total energy 41 complete agreement with periodic calculations is not achieved even for large clusters containing more than 20 tetrahedral sites. Recent results show that for some active sites very good agreement between cluster calculations based on a QM-Pot strategy and embedded in periodic DFT calculations is achieved, whereas for other sites there is significant disagreement between both calculations. 39 A more technical problem is that in many cases periodic and cluster calculations are performed using different codes and different basis sets, leading to further questions concerning convergence.
The conventional assessment of the relative performance of GGA and hybrid functionals based on the available data is that hybrid functionals provide lower and more realistic values for the adsorption energies of molecular species in zeolites than the GGA. GGA calculations yield quite accurate vibrational eigenfrequencies for adsorbates and accurate values for the frequency shift relative to the gas phase (with the notable exception of CO adsorbed at monovalent Cu cations in zeolites), whereas hybrid functionals overestimate the stretching frequencies and produce smaller shifts relative to the gas phase.
In the present work we investigate the relative performance of GGA (PW91, PBE) and hybrid (PBE0, HSE) functionals at the example of Cu(I)-, Cu(II)-, and Co(II)-exchanged chabazite, using periodic calculations for both types of functionals. We present detailed results for the structural properties of the purely siliceous and metal-exchanged zeolite, using different locations of the extra-framework cations and of the Al/Si substitution sites on the framework. Because hybrid functionals are known to enhance the exchange-splitting between electronic eigenstates with different spin, particular attention is paid to spin-dependent effects. In addition to calculations optimizing simultaneously all geometrical, electronic, and magnetic degrees of freedom, fixed-moment calculations have been performed for excited spin-states. For some configurations, it has been found that a spin-excitation induces a significant change in the coordination of the cation and a re-distribution of charge-and spin-densities involving also the zeolite framework.
Two following papers will be devoted to detailed investigations of the electronic structure and of the chemical properties of Cu(I)-, Cu(II)-, and Co(II)-exchanged chabazite. The study of the electronic properties demonstrates large changes in the width of the bandgap of the host materials and of the position of local cation states within the gap. The investigations include a theoretical analysis of the diffuse reflectance spectra (DRS) which have been used extensively to obtain detailed information on the cation locations in zeolites. Because the energy of the exciting radiation is often lower than the minimal energy required for the creation of electron-hole excitations, the investigation of excited spin states plays an important role in the interpretation of DRS data. The calculations for the excited states have been performed both for the frozen ground state geometry and for a geometry optimized at the excited spin-state. The combination of these results permits the determination of the excitation and emission energies for transitions between different spin-states and detailed analysis of the photoluminescence spectra. The chemical reactivity of Lewis sites in Cu-and Co-exchanged chabazite has been probed by the adsorption of NO and CO molecules and the calculation of the vibrational eigenfrequencies of the probe molecules. The adsorption of these molecules allows to test different aspects of the exchange-correlation functionals: For CO, the predicted width of the HOMO-LUMO gap of the molecule, for NO the interplay of the paramagnetic moment of the molecule with the moment located on the cation is of central interest. In a previous paper we have presented a similar, but much less comprehensive investigation for NO adsorption on Cu-and Co-exchanged SAPO34 (a silico-aluminophosphate with a framework isostructural to chabazite). 22 The present work provides a more detailed analysis of the structural, electronic, and chemical properties of a wider variety of different configurations.
II. FUNCTIONALS
In our studies we used four different functionals: The gradient-corrected DFT (GGA) functionals by Perdew 16 and 17) derived from the PBE functional. The PW91 and PBE functionals are parameter-free in the sense that the functionals are constructed such as to reproduce the density-dependent exchange-correlation energies of the homogeneous electron gas determined by quantum Monte-Carlo simulations and to comply with the sum rules and asymptotic behavior known from many-body theory. The PBE0 hybrid functional is obtained by mixing 25% exact (Hartree-Fock) exchange and 75% PBE exchange, while correlation is described at the PBE level,
The admixture of Hartree-Fock exchange reduces the selfinteraction error inherent in DFT and increases the splitting between occupied and empty eigenstates and between majority and minority spins in spin-polarized systems. The HSE functional is a range-separated hybrid functional: the Coulomb kernel in the exchange energy is split into shortand long-range parts according to
and the exchange-correlation functional is evaluated as
i.e., the mixing of Hartree-Fock and DFT exchange is applied only to the short-range exchange interactions. The screening of the long-range Coulomb interaction has important computational advantages, but it also expresses the fact that the longrange exchange interactions are described quite accurately in DFT. Only the description of the short-range exchange must be improved by mixing with exact exchange. The value of the range-separation parameter μ is not fixed a priori. In the original work of Heyd, Scuseria, and Ernzerhof a value of μ = 0.3 Å −1 has been used. The influence of this parameter on the performance of the functional has been investigated by Krukau et al. 17 and it has been shown that the results are only weakly dependent on μ. In our present work we have used two different values, μ = 0.3 Å −1 (this functional is designed as HSE03) and μ = 0.207 Å −1 (HSE06) to monitor the influence of the range-separation parameter on our results.
Because of the Hartree-Fock part of the exchange-energy, calculations with hybrid functionals require a much higher computational effort than standard DFT calculations. If the same plane-wave basis set is used, a calculation using the PBE0 functional requires about 38 times more computer time than a calculation using the PBE functional. The screening of the exchange operator in the HSE functionals reduces the computational effort somewhat, but the CPU time required for HSE06 calculations is still about 27 times that required for PBE.
A. Computational setup
In our work we used the implementations of these functionals in the latest release of the Vienna ab initio simulation package (VASP). 42, 43 VASP performs an iterative solution of the Kohn-Sham equations of DFT within a plane-wave basis set and using periodic boundary conditions. The electron-ion interaction is described by the projector augmented wave (PAW) method by Blöchl, 44 as modified by Kresse and Joubert. 45 The implementation of exact (Hartree-Fock) exchange and of hybrid functionals in VASP is described in detail by Paier et al. 18, 21 Calculations using the PBE and hybrid functionals use PAW potentials constructed using core wave-functions calculated the PBE functional. To investigate the (in general very modest) influence of the treatment of the ionic core, we have also performed calculations using the PW91 functional for the construction of the PAW potential and in the calculation of the valence states.
All calculations have been performed in a spin-polarized mode to account for the spin-state of the extra-framework cations and of paramagnetic adsorbates such as NO. To verify that the calculations have converged to the correct ground state spin-configuration and to explore the structure and energetics of excited spin-states, fixed moment calculations have been performed.
For all our studies we used a plane-wave energy cutoff of 400 eV, which is necessary for an accurate description of the oxygen orbitals and of the eigenstates of the extra-framework cations. During self-consistency iterations and for the calculation of the Hellmann-Feynman forces acting on the atoms Brillouin-zone sampling was restricted to the -point. This is justified for the relatively large unit cell of chabazite. For the calculations of densities of states, a 2 ×2×2 Monkhorst-Pack k-point grid 46 and a Gaussian smearing of the eigenstates of 0.2 eV was used.
Geometry optimizations at constant volume were performed using a mixture of damped molecular dynamics, conjugate gradient, and quasi-Newton algorithms as implemented in VASP, using analytical Hellmann-Feynman forces. Convergence was assumed when the forces on the atoms were smaller than 0.05 eVÅ −1 . The equilibrium volume of chabazite was determined by performing a series of calculations with cell volumes varying between 750 Å 3 and 850 Å 3 , allowing the cell shape and the internal coordinates to relax independently. The equilibrium volume was derived from a Birch-Murnaghan fit to the total energies.
All calculations have been performed in a spin-polarized mode, using the spin-interpolation scheme of Vosko et al. 47 Spin-polarized DFT calculations converge to the spin ground state. To explore also excited spin-states calculations have also been performed in a fixed-moment mode. The total magnetic moment M of a system may be constrained to a fixed value by adding the constraint by a Lagrange multiplier λ, the total energy being given by
Here n( r) and m( r) represent the charge-and spin-densities of the system and physically the Lagrange-multiplier λ represents a magnetic field acting on the electrons. Alternatively, the difference in the number of electrons occupying the spinup and spin-down eigenstates (and hence the magnetic moment M) may be constrained to a fixed value. 49, 50 This means that two different Fermi energies E ± F for both spin-directions are used and this is equivalent to the Lagrange-multiplier method if the volume V of integration extends over the entire system, in this case E ± F = E F ± λ. Here, we follow the computationally less demanding approach of Williams et al. 49 to fix the occupation number in the two spin-channels.
To determine the energy differences between different spin states, fixed-moment calculations combined with an independent structural optimization in each spin-state have been performed. However, structural relaxations proceed on a time scale that is much slower than that for electronic transitions. Therefore, fixed-moment calculations have also been performed with a geometry frozen at the initial state. For the calculation of vertical excitation energies, total energies for the ground state configuration and for the excited spin-state have been performed for the frozen ground state geometry. Conversely, for the calculations of emission energies the total energies of the excited and final states have been calculated for the optimized geometry of the excited spin-state. In the following paper, the use of this approach for the interpretation of photoluminescence spectra will be discussed in detail.
III. STRUCTURES
Chabazite is a relatively simple representative of the zeolite family whose framework belongs to the trigonal system. 51, 52 The structure can be described either in a hexagonal lattice containing 36 tetrahedral (T) sites, or in a rhombohedral lattice with 12 T sites per unit cell. The secondary building blocks of the structure are double six-membered rings (D6R's) arranged in layers with an ABC stacking sequence and linked by four-membered rings (see Fig. 1 ). Purely siliceous chabazite belongs to space group R3m, all tetrahedral sites are crystallographically equivalent. The four non-equivalent oxygen atoms can be distinguished according to their location in different rings of the framework. O(1) belongs to two four-membered (4MR) and one eight-membered (8MR) ring, O(2) to one 4MR, one six-membered (6MR), and one 8MR, O(3) to two 4MR and one 6MR, and O(4) belong to one 4MR and two 8MR's (see Fig. 1 ).
The location and coordination of transition-metal ions is still a matter of debate. 53 Usually the cations are assigned to well-defined rings or cavities in the zeolite. The preference of cations to occupy these specific extra-framework sites is attributed to stabilizing interactions between the cation and the framework oxygen atoms. Three different locations of extraframework cations in chabazite have been considered: Position (I) is located in the center of a 6MR, the cation forming bonds to O(2) and O(3) atoms (see Fig. 1 ). Positions (IIa) and (IIb) are in the center of two different 8MR's such that the cation can form bonds with O(1) and O(4), and O(2) and O(4) atoms, respectively. In the literature 51, 52 also a location in the center of the D6R has been considered. However, as in this position access of adsorbates to the cation is hindered by the framework, this has not been considered in the present work. Also, in our work on isostructural Cu-and Co-exchanged SAPO34 (Ref. 22) we have found that a cation initially placed into the center of the D6R drifts to a position within the plane of one of the 6MR's and we expect the same to occur in the framework of chabazite.
To compensate the charge of a monovalent cation, a charge-compensating Al/Si substitution on the framework is required. For a divalent cation, two Si atoms must be replaced by Al. The Löwenstein rule postulates that Al atoms on the zeolite framework must be separated by at least one intermediate T site occupied by Si. 54 This permits two different combinations of two Al/Si substitution sites: one with both Al atoms in the same 6MR, the other with one Al atom in each of the 6MR's forming the D6R. In both cases Al atoms are located at the largest possible distance-see Fig. 1 . In the first configuration, the two Al atoms are linked through -
The cation has always been placed close to at least one of the Al atoms such that it can bind to activated oxygen atoms (i.e., oxygen atoms coordinated to a framework Al atom). Combining the different extra-framework locations and the positions of the Al atoms within the framework we have considered three configurations for Cu(I)-exchanged chabazite and six configurations for the Cu(II)-and Co(II)-zeolites. The position of the cation in the center of a 6MR or 8MR of course defines only the initial configuration-the stable structure is determined by the interaction of the cation with the framework (the binding to activated oxygen atoms close to Al being stronger than that with non-activated atoms) and by the flexibility of the zeolitic framework which allows rather strong distortions in reaction to the presence of Al/Si substitutions and to the formation of covalent cation-oxygen bonds.
IV. PURELY SILICEOUS AND AL-DOPED CHABAZITE

A. SiO 2 chabazite
Our results for purely siliceous chabazite (composition Si 12 O 24 ) are compiled in Table I , together with the experimental results of Smith et al. 55 obtained by neutron diffraction on the high-silica form of the zeolite (H-SSZ-13) and the x-ray diffraction data of Fickel and Lobo 56 on Cu-SSZ13 with a high Si/Al ratio of 12 and a Cu/T ratio of Cu/(Al+Si)∼ 0.05 (i.e., about one Cu extra-framework cation in every second unit cell). The optimization of the structure has been performed either under the experimentally observed space group R3m or without any symmetry constraint. Even if no symmetry constraint is used, the equilibrium configuration is very close to rhombohedral symmetry: the angle is unchanged, differences in the lattice constants are of the order of 0.01 Å. The results compiled in the Table I refer to full rhombohedral symmetry. The choice of the functional is most important for the volume of the unit cell. The classical GGA functionals overestimate the experimental volume by about 1.5% (PW91) and 2.1% (PBE). Hybrid functionals predict a cell volume in almost perfect agreement with experiment. The volume contraction is slight larger with the PBE0 functional, the screening of the exchange interaction enlarges the volume by 0.02% for the more strongly screened HSE03 functional.
Interatomic distances calculated using hybrid functionals are smaller by about 0.01 Å, small changes are also found in the tetrahedral angles. It is remarkable that even the very small deviations of the O-Si-O angles from the ideal tetrahedral an- The strongest influence of the admixture of Hartree-Fock exchange is found in the electronic spectrum. The band gap is increased from 5.5 eV (PBE) to 8.0 eV (PBE0). Screening of the exchange interactions reduces the gap to 7.0-7.3 eV, depending on the screening length. Details of the electronic structure will be discussed in the following paper of this series.
B. Al→Si substitution and protonated chabazite
The substitution of a framework Si atom by Al creates a local electron-deficit which may be compensated by the introduction of a hydrogen atom forming a hydroxyl group with an oxygen atom bound to the Al site. It is usually assumed that the hydrogen atom transfers its electron to the framework such that a negatively charged framework and a positively charged proton showing Brønsted-acidity are formed. Al/Si substitution and protonation induce local distortions of the framework. Because in zeolites exchanged with divalent cations, one of the Al sites may be located at a certain distance from the charge-compensating cation, it is of interest to examine both effects separately.
In zeolites with a high Al/Si ratio, the substitution of a large fraction of the Si atoms by Al leads to an increase of the cell volume. Here we are interested in low-Al chabazite-in principle, this would require to use a computational cell consisting of several unit cells, and the Al/Si substitution in only one 6DR. In this case the surrounding framework would limit the local expansion of the lattice. Because of the large computational effort needed for periodic calculations with hybrid functionals, we have used only a model consisting of a single unit cell. To mimic the effect of the un-doped environment we have frozen the atomic volume per cell at the equilibrium value calculated for the pure SiO 2 chabazite. The comparison between the experimental data of Smith et al. 55 and Fickel and Lobo 56 confirms that a low exchange rate does not lead to a measurable increase of the cell volume. No symmetry constraint has been applied during relaxation.
A table with Al-O distances around the substitution sites and the distances between the activated O atoms and the nearest Si atoms is presented in the supplementary material. 57 The tetrahedral symmetry around the site occupied by Al is broken, and this effect is more pronounced in calculations with hybrid functionals. Using GGA functionals, three Al- 
If a hydroxyl group is formed at one of the activated oxygen atoms, the Al-OH bond is further stretched to about 1.86-1.93 Å, while the other three Al-O bonds measure about 1.70 ± 0.01 Å. Evidently the influence of the choice of the functional is much more modest than in the non-protonated Alchabazite. O-H bond lengths are shorter by 0.01 Å if hybrid functionals are used. Our GGA results are in good agreement with the calculations of Jeanvoine et al. 58 and also with unrestricted Hartree-Fock calculations reported by Cora et al. 59 Corà et al. also claimed that calculations at the unrestricted Hartree-Fock level and DFT calculations using either hybrid or gradient-corrected functionals are in good agreement regarding the geometrical data of chabazite doped with di-or tri-valent atoms, confirming a weak dependence on the treatment of exchange and correlation. The stability of the Brøn-sted site calculated using GGA decreases in the sequence O(1)
. The energetic ordering is essentially the same with hybrid functionals, only a proton attached to the O(3) site is now found to be less stable than at the O(4) site.
In the present context, the important result is that the choice of the exchange-correlation functional has a rather pronounced influence on the predicted distortion of the framework around a non-compensated Al/Si substitution site. Such sites can exist in zeolites exchanged with divalent atoms and the distortion around this site can interfere with the distortion induced by the extra-framework atom.
To analyze the origin of these differences, we have performed a Bader analysis 60, 61 of the charge distribution. The Al-O interaction is predicted to be largely ionic, about two thirds of the electron deficit created by the Al/Si substitution is distributed rather evenly over the four oxygen neighbors if GGA functionals are used, the rest is spread over the more distant neighbors. In contrast, calculations performed with hybrid functionals predict the electron-deficit to be concentrated on only two oxygen atoms-those whose distance from the Al site is significantly elongated compared to the other two. An electron deficit of about 0.5 electrons is calculated for the O(1) site with the largest distance from the Al site, about 0.33 electrons for the O(3) sites, and only about 0.035 electrons on the O(2) and O(4) atoms. The stronger localization of eigenstates is caused by the admixture of Hartree-Fock exchange and is a significant aspect hybrid functionals. Similar effects appear also in metal-exchanged, but not in protonated zeolites.
V. EXTRA-FRAMEWORK SITES IN METAL-EXCHANGED CHABAZITE
Transition-metal counter-ions compensating the electron-deficit in Al-doped zeolites are coordinated to framework oxygen atoms, preferentially to activated oxygen atoms bound to Al/Si substitution sites. The coordination of the metal cations is often not saturated, which means that the ions can act as adsorption sites for molecules or as catalytically active centers. It has been demonstrated that the stability and activity of extra-framework cations varies strongly with the degree of local charge compensation:
cations closely coordinated to framework Al atoms acquire an increased stability, but the activity of the cations is larger for the less stable and coordinatively unsaturated sites. 6, [34] [35] [36] The location and coordination of Cu and Co cations in zeolites has been the subject of many experimental and theoretical studies. 24, 26, 27, 53, [62] [63] [64] Experimental investigations use x-ray diffraction, x-ray adsorption techniques (extended x-ray adsorption fine structure (EXAFS) and x-ray adsorption nearedge structure (XANES)), electron spin resonance, and diffusive reflectance spectroscopies, theoretical calculations are based on DFT and quantum chemical methods applied to finite or embedded clusters, but only a very few DFT studies based on hybrid functionals for periodic systems have been published so far. In the present work our interest is focused on the influence of the choice of the functional on the geometry and energetics and the spin-state of Cu(I), Cu(II), and Co(II) cations in chabazite.
A. Cu-exchanged chabazite
Extra-framework Cu can be present in zeolites in the form of mono-or divalent cations. Ion-exchange using aqueous solutions of Cu(II)-sulfate or Cu(II)-acetate leads to the co-presence of copper cations in different oxidation states, 65, 66 considerably complicating the experimental analysis of the Cu environment. Cu(II) can be reduced to Cu(I) in hydrogen or by auto-reduction at elevated temperatures, 67 but the exact degree of reduction is difficult to assess. In the following we will discuss first the theoretical results for both Cu(I) and Cu(II) extra-framework cations, and present the comparison with experimental data for both species together.
Structure of Cu(I) Lewis-sites in chabazite
As already discussed in Sec. III, we considered three possible extra-framework locations of the Cu(I) cation, one in one of the 6MR's and the other two in two different 8MR's and with one of the tetrahedral sites in the ring occupied by Al. The calculations have been performed in a spin-polarized mode, but converged for all three configurations to a singlet (S = 0) state. Fixed moment calculations have been used to verify that the triplet (S = 1) state has a higher energy and to determine the energy difference between relaxed singlet and triplet states. The vertical S 0 → T 1 excitation and T 1 → S 0 emission energies, using the singlet-and tripletoptimized geometries, respectively, will be discussed together with the electronic properties in the following paper.
In configuration (1) with the Cu(I) cation in the 6MR, the trigonal symmetry of the cation location is already broken by the Al/Si substitution (see Fig. 2 ). Upon relaxation using GGA functionals, the cation drifts towards the Al site such as to form two strong bonds with one activated O(3) and one non-activated O(3) atom and a weaker bond to the activated O(2). Here and in the following, we distinguish activated oxygen atoms by bold numbers and bond lengths for all configurations are summarized in Table II Structural data for extra-framework cations Cu(I), Cu(II), and Co(II) in chabazite, calculated for different configurations and using both GGA (PW91, PBE) and hybrid (PBE0, HSE03, HSE06) functionals. All distances are given in Å.
Cu(I)
Cu ( respectively, placing the Cu(I) cation closer to the center of the ring. This allows the formation of a fourth, moderately strong bond with the O(3) atom on the opposite side of the ring (numbering in italics will be used for such oxygen sites). It has been argued that such a four-fold coordination of the Cu(I) cation, almost co-planar with the 6MR is preferred in many zeolites and stabilized by the interaction of d x 2 −y 2 states of Cu with O-p orbitals.
Tetrahedral angles are rather stiff and show little variation in dependence on the exchange-correlation functional. T-O-T angles are changed relative to the Si-O-Si angles in purely siliceous chabazite by the Al-Si substitution and the interaction with the extra-framework cation. The Al-O(2)-Si angle is reduced to about 132
• , the Al-O(3)-Si angle is increased to about 156
• due to the interaction with the Cu(I) cation, these values are almost identical for both types of functionals.
In configuration (2), the cation is initially located in the center of a 8MR -in this position the Cu(I)-O distances are too large to allow the formation of strong bonds to oxygen atom on both sides of the ring. Upon relaxation, the cation drifts closer to the Al site, forming three strong bonds -two with activated [O(1) and O(4)] and one with a non-activated O(2) atom (see Fig. 3 ). The threefold coordination of the cation is almost co-planar with the plane of the 8MR. Both types of functionals lead to a similar cation coordination, but the Cu-O (4) are more pronounced if a screened hybrid functional is used. The T-O-T angles around the outer O framework atoms binding to Cu(I) are reduced to ∼122 (126) • for Al-O(1)-Si (the larger value in parentheses is the result with hybrid functionals) and ∼146
• for Si-O(2)-Si -the asymmetry is a consequence of the activation of the O(1) site. The Al-O(4)-Si angle remains almost identical to the value of 145
• in purely siliceous chabazite.
In configuration (3) the cation is also located in a 8MR, but in contrast to configuration (2) • , the latter is increased to 155
• , and the asymmetry is somewhat weaker with a screened hybrid functional. Table III lists the total energies of the Cu-exchanged zeolites, calculated relative to the neutral, but electron-deficient zeolite with one or two Al/Si substitution sites and the free neutral transition-metal atom,
Energies of Cu(I) Lewis-sites in chabazite
as well as the energy differences E site relative to the most stable configurations and the energy differences E spin of the first excited spin state relative to the ground state for each configuration. The stability of the Cu(I) cation location decreases with the number of bonds between the cation and the framework oxygens, i.e., from configuration (1) to (2) and (3). Hybrid functionals predict a stronger binding of the cation to the framework than GGA functionals. The location in a 8MR is disfavored by 0.35 to about 0.46 eV (GGA), and 0.29 to 0.33 eV (hybrid functionals).
Recently Solans-Monfort et al. 68 have investigated the structure and energetics of Cu(I) extra-framework cations located in a 6MR and in a 8MR [configuration (3)] in chabazite using periodic B3LYP calculations. For the location in the 6MR a threefold coordination of the cation with an average Cu(I)-O bond length of 2.12 Å was reported. While the average Cu(I)-O distance is comparable with our HSE results, slightly smaller differences in the bond lengths to activated and non-activated oxygens were found. In the 8MR the Cu(I) cation is bound only to two activated oxygens, but in contrast to our results for configuration (3) with two almost equal Cu(I) distances of ∼2.04 Å, bond lengths of 2.06 and 2.22 Å have been reported. The location in the 8MR is higher in energy by 0.36 eV than the 6MR-site, in very good agreement with our result with hybrid functionals.
Structure and energies of Cu(I) Lewis-sites in excited spin-states
The creation of a spin-polarized triplet-state of a Cu(I) extra-framework cation formally requires the excitation of one electron from a 3d to a 4s state. The creation of a hole in the 3d band and the occupation of a much more extended 4s orbital leads to important changes in the coordination of the cation which are most pronounced for configuration (1) with Cu(I) in the 6MR. In the structure optimized at the triplet state, the cation binds only to the activated O(2) and O(3) atoms, with Cu-O distances of ∼2.04 ± 0.02 Å (GGA) and ∼2.00 ± 0.02 Å (hybrid functionals). The bonds to the nonactivated O(3) framework oxygen are lost, the Cu-O coordination is reduced from three (respectively, four with hybrid functionals) to two. The triplet-optimized structure of Cu(I) in the 6MR is shown in Fig. 5 . Due to the lack of binding to O atoms on the other side of the ring, the Cu(I) cation also drifts away from the plane of the ring to a position pointing towards the center of large cavity.
For Cu(I) cations in configurations (2) and (3) in a 8MR, the changes in the local geometries are similar, but less dramatic. In configuration (2), the distance from the nonactivated O(2) atom is stretched beyond 2.8 Å such that the Cu-O coordination is reduced from three to two, the Cu-O(4) is reduced by about 0.18 Å. In configuration (3), with only two Cu-O bonds the geometry of the excited spin-state remains almost the same. The two Cu-O bonds are stretched by about 0.01 Å with GGA functionals, but contracted by 0.04-0.07 Å if hybrid functionals are used. Detailed information on the optimized geometries of excited spin sates may be found in the supplementary material. 57 The total energy differences between the relaxed ground state and the relaxed first excited spin state range between Table III .
Structure of the Lewis site in Cu(II) chabazite
For the divalent extra-framework cations we have considered the same cation-locations, but for the positions of the two charge-compensating Al atoms with two possibilities, one with both Al in the same 6MR and one with just one Al in each part of the D6R have been considered. The electronic ground state of the free Cu(II) cation is d 9 , with one un-paired d-electron. For all configurations the spin-polarized calculations converge to a doublet (S = 1/2) state. Fixed moment calculations have been performed to check that all other spinstates are higher in energy and to determine the spin excitation energies.
The relaxed configurations (1) and (2) Table II ). Three of these bonds connect to activated oxygen atoms, the fourth to a non-activated O(3) atom. Bonding to activated oxygen atoms only at both opposite sides of the ring would require a too (5) and (6)]. See Fig. 2 , and text for details.
strong and energetically unfavorable distortion of the 6MR. Replacement of the GGA by a hybrid functional leaves the structure unchanged and induces only modest contractions of the bond lengths to activated oxygens. Due to the interaction with the cation, the three T-O-T angles around both activated and non-activated O(3) atoms are reduced from 147
• to about 131
• -134
• , while the T-O-T angles at the O(2) sites remain close to their value in purely siliceous chabazite.
If the second Al site is located in a different 6MR, the Cu(II) cation is also fourfold coordinated. Bonds are formed with two activated and two non-activated oxygen atoms, all located at one side of the 6MR, see Fig. 6(b) . If GGA functionals are used the distance to the O(2) atom is longer by about 0.20 Å than the Cu(II)-O(3) bond, the difference between the bonds to the non-activated O atoms is even larger, about 0.5 Å. The difference in the bond lengths is a consequence of the topology of the 6MR with alternating orientations of the T-O-T angles. T-O-T angles around the O(3) sites are reduced to about 128
• (activated) and 138
• (non-activated oxygen), those around the O(2) are increased to about 161
• . If hybrid functionals are used the differences in the bond-lengths are considerably reduced, see Table II . Bond angles are much less affected.
In configurations (3) to (6) with the Cu(II) cation in a 8MR the position of the second Al site is of minor importance because the distance to the cation is in both cases too large to allow the formation of a bond between cation and an activated oxygen atom. As for the Cu(I) cation in configuration (2), three strong Cu(II)-O bonds, two to activated and one to a non-activated O atom can be formed. The cation-coordination shown in Figs. 6(c) and 6(d) is similar to that shown in Figs. 3 and 4 for the monovalent cation, albeit with some differences in the bond-lengths. In configurations (5) and (6), the divalent Cu(II) cation forms an additional third bond to a non-activated O(4) atom. Due to the stronger bonding of the divalent cation, both bonds to activated oxygen atoms measure about 2.0 ±0.05 Å if a GGA functional is used, they are further contracted to ∼1.95 Å and 1.86 Å if hybrid functionals are used in the calculations. The bond to the non-activated oxygen atom is less affected, except in configuration (6) (Cu(II) cation in position IIb, Al atoms in different rings) where the Cu(II)-O(4) distance is shorter by almost 1 Å for the divalent cation. The shorter cation-oxygen distances are also correlated to a stronger distortion of the framework. T-O-T angles around the O(1) atom are reduced to ∼121
• , those around the O(2) atom to ∼131
• for configurations (3) and (4). Even slightly larger reductions of the T-O-T angles are calculated for the activated and non-activated O(4) sites in configurations (5) and (6) . Bond angles are only little affected by the choice of the functional.
Energies of the Lewis site in Cu(II) chabazite
The location of the Cu(II) cation in the 6MR, together with both Al atoms is by far lowest in energy (see Table III with the Cu(II) cation in a 8MR are higher in energy by about 1.5 eV (GGA) and by 1.75-2.05 eV (hybrid functionals). For these positions of the cation, the location of the second Al is of lesser importance. It increases the energy by about 0.1(0.3) eV (cation location IIa) and 0.15(0.1) eV (cation location IIb), values calculated with hybrid functionals in parentheses. Because of the relatively small energy differences, the choice of the functional also influences the energetic ordering of these four cation coordinations. The screening of the exact exchange added to the hybrid functional has also a modest influence on the energy differences between the different cation-coordinations.
Structure and energy of Cu(II) Lewis-sites in excited spin-states
The ground state of the Cu(II) cation in chabazite is a spin doublet (S = 1/2), the first excited spin-state is a quadruplet (S = 3/2). For a free cation the excitation requires the transfer of an electron from a spin-paired 3d to a 4s state, the electron configuration of the quadruplet state is 3d 8 4s 1 . For an extraframework cation in the zeolite, framework states can contribute to the spin-polarization as well. The relaxed geometry around Cu(II) in the excited spin-state in the 6MR configuration (1) with two Al atoms on opposite sides of the ring is shown in Fig. 7 . The coordination of the cation is very similar to the triplet-relaxed state of the Cu(I) cation, binding only to the activated O(2) and O(3) atoms next to one of the Al atoms. The bonds to the activated O(3)atom next to the second Al site and to the non-activated O(3) atom are lost. This also leads to significant changes in the T-O-T angles around the oxygen atoms that do no longer bind to the Cu(II) cation. The Cu(II) cation also drifts away from the plane of the ring to a position pointing towards the center of the large cavity. In configuration (2) with only one Al atom in the 6MR the effect of the spin-excitation on the coordination of the cation is very similar: the Cu-O coordination is reduced from four to two, the bond lengths between the cation and the two activated framework oxygens have almost the same length, whereas in the ground state they differed by about 0.2(0.1) Å with GGA(hybrid) functionals. This more symmetric arrangement is possible because without the bonds to oxygen atoms on the other side of the ring its geometry is less distorted.
The energy of the excited spin-state is for configuration (1) higher by about 4.50 (5.1) eV than the ground state with GGA (hybrid) functionals, for configuration (2) the energy differences are smaller, about 3.6 (4.0) eV (for details see Table III ).
For configurations (3) to (6) with the Cu(II) cation in a 8MR the Cu-O coordination is reduced from three to two, the two remaining bonds to activated framework oxygens are stretched and more symmetric than in the spin ground state (for details, see the supplementary material 57 ). For these configurations, the energy differences between the two spin states range between 2.8 (2.9) and 2.95 (3.2) eV with GGA (hybrid) functionals, detailed results are compiled in Table III .
B. Co(II)-exchanged chabazite
Structure of the Lewis site in Co(II) chabazite
The electronic configuration of a free Co(II) cation is d 7 , with three un-paired d-electrons. Correspondingly, the spinpolarized calculations for Co(II)-exchanged chabazite converge to a quadruplet (S = 3/2) ground state for all six configurations. A spin of S = 3/2 has also been predicted by DFT calculations 63 for Co(II)-MOR (mordenite) and Co(II)-FER (ferrierite) and confirmed for Co(II)-MFI by the electron spin resonance experiments of El-Malki et al. 64 The spin is not localized on the Co-cation alone, but distributed over the cation and the bonding framework oxygen atoms (a more detailed discussion of electron-and spin-density distributions will be presented in the following paper).
In configuration (1) the Co(II) cation is located close to the center of the 6MR, with four about equally strong bonds to framework oxygen atoms and there are only minor differences between the GGA and hybrid functionals (see Table II ). The configuration is almost planar, the O-Co(II)-O bond angles are around 90
• . The coordination of Co(II) cations is qualitatively similar to that of Cu(II), therefore, no pictures are presented here. In configuration (2) with only one Al in the 6MR the cation drifts to the side of the ring where the Al atom is located, but remains fourfold coordinated. The two bonds with O(3) atoms measure about 1.9 and 2.0 Å, those to O(2) atoms about 2.15 Å (calculations with GGA functionals) -hence in this case the difference in the bond lengths is due to the topology of the ring and not to the state of activation of the oxygen atom. Only in calculations with hybrid functionals, the Co(II) distance to the activated O(2) is distinctly shorter than to the non-activated O(2).
In configurations (3)- (6) with the cation in a 8MR, three cation-oxygen bonds are formed. The two bonds to the activated framework oxygens are distinctly shorter (1.90-1.97 Å) than those to the third, non-activated atom (about 2.05-2.24 Å). The choice of the functional has only a minor influence on the cation coordination.
Energies of Co(II) Lewis sites in chabazite
A location of the Co(II) cation in a 6MR with two Al atoms is lower in energy by about 1 eV than in the presence of only one Al atom. A location in a 8MR is disfavored by more than 1.45 eV, the presence of a second Al in the ring causes an energy difference of about 0.4 eV for configurations (3) and (4), but only a smaller difference of about 0.1 eV for configurations (5) and (6) . For a complete list of structural energy differences, see Table IV . Energy differences calculated with hybrid functionals are larger than those determined with GGA functionals. The energetic ordering is (1)- (2)- (3)- (5)- (4)- (6) with GGA, and (1)- (2)- (3)- (5)- (6)- (4) with hybrid functionals.
Structure and energies of excited spin-states
For Co(II) cations spin-excitations can lead to the formation of a low-spin state with S = 1/2 or of a high-spin-state with S = 5/2. For a free cation the formal electron configuration in the low-spin state remains d 7 , while in the high-spinstate a 3d minority electron has to be promoted to a 4s state. Consequently, larger changes in the energetics and cation coordination are expected in the excited high-spin state.
We discuss the low-spin state with S = 1/2 first. In configurations (1) and (2) the Co(II) cation remains fourfold coordinated. In configuration (1) the two Cu-O bonds to activated oxygen are contracted by 0.17(0.12) Å for O(2) and 0.05(0.05) Å for O(3) in calculations with GGA (hybrid) functionals. The bond lengths to non-activated O atoms remain almost unchanged. In configuration (2) the bonds to the activated O(2) and the non-activated O(3) atoms are contracted while the bond to the activated O(3) remains unchanged and the distance to the O(2) atom is even increased. The energy difference between the relaxed spin-states is small, about 0.3-0.4 eV with GGA and 1.0 eV with hybrid functionals (all energy differences are compiled in Table IV) .
For configurations (3) to (6) with the Co(II) in an 8MR relaxation effects in the low-spin state are modest. The cation remains threefold coordinated, only moderate changes in the Cu-O bond lengths are predicted with GGA functionals while with hybrid functionals we find a contraction of the distances to activated and/or non-activated oxygens (details are given in the supplementary material 57 ). The relaxed energy difference relative to the spin ground state varies around 0.5 eV with GGA and around 1.0 eV with hybrid functionals (see Table IV ).
Much larger changes relative to the ground state are found for the high-spin (S = 5/2) state. In configuration (1) the Co(II) cation remains fourfold coordinated, but all four Cu-O bonds are stretched to 2.05 to 2.32 Å (1.97 to 2.26 Å) with GGA (hybrid) functionals. In configuration (2) the cation is only threefold coordinated in the high-spin state, the bond to the O(2) atom is broken. The remaining three bonds are 
VI. COMPARISON WITH EXPERIMENT
A. Structure of purely siliceous chabazite
For purely siliceous chabazite, we have found that hybrid functionals predict a lower volume of the unit cell and shorter Si-O bond lengths in slightly better agreement with experiment. 55, 56 Upon Al/Si substitution, GGA functionals predict an almost uniform expansion of all four bonds around the tetrahedral site. In contrast, hybrid functionals predict a stronger expansion of two Al-O bonds and a more modest one of the two remaining bonds. However, as the substitution breaks the rhombohedral symmetry and as the average Al-O bond length is almost the same, XRD experiments are not able to discriminate between these two cases.
B. Structure of Lewis sites: Comparisons with XRD and EXAFS data
According to the XRD experiments of Fickel and Lobo 56 Cu-cations occupy a location just outside the plane of a 6MR, symmetrically coordinated to three oxygen atoms in the ring at a distance of 2.21 Å. The high-silica sample (Si/Al∼12) on which the diffraction has been performed has a Cu/Al ratio of 0.35, which suggests that the oxidation state is Cu(II), but no attempt has been made to determine the oxidation state. Korhonen et al. 69 have performed the EXAFS analysis of the Cu(II) coordination in chabazite (using a sample very similar to that on which the XRD study has been performed) and report a coordination number of 3.2 and an average Cu-O distance of 1.93 Å. The mismatch with the XRD data has been attributed to a displacement of the Cu-cation from the center of the 6MR. The threefold coordination of Cu(II) cations agrees with the interpretation of earlier ESR data. 70 The preference for a location in the 6MR agrees with our calculations for both the Cu(I) and Cu(II) cations. For the Cu(I) cation, the average Cu-O distance is 2.13 Å (PW, PBE) and 2.19 Å (PBE0) and 2.24 Å (HSE03). For the Cu(II) cation in configuration (1) (i.e., with two Al atoms in the same ring) the coordination is fourfold, the average Cu(II)-O distance is 2.01 Å using both types of functionals. For a Cu(II) cation in configuration (2) the coordination is threefold, the average Cu-O distance is 1.99 Å (PBE) and 1.94 Å (PBE0, HSE03), respectively.
Comparison of theory and experiment is hence difficult. For the high-silica chabazite, it seems to be rather unlikely that two Al atoms are present in the same ring-configuration (2) will be more frequent than (1) . In this configuration the calculated coordination number and average Cu-O distance are in good agreement with experiment, with hybrid functionals leading to a lower and hence slightly more accurate Cu-O bond length.
An early XRD experiment for Co(II)-chabazite has been presented by Calligaris et al. 71 for natural and dehydrated chabazite. The sample has a very high Al/Si ratio of nearly 1/2 and contains 1.7 Co atoms per unit cell plus 0.4 Na atoms. Co atoms where assigned to site I in a 6MR, site II in a 8MR and also to site III in the center of the D6R. Due to the high content in Al the average bond lengths between the tetrahedral atoms and oxygen are increased by about 0.03 Å, while the tetrahedral bond angles undergo only a very modest change. The T-O-T angles are in reasonable agreement with our results for Cu(II)-or Co(II)-exchanged chabazite: angles around O(3) sites are decreased to 133
• , those around the O(2) sites are increased to about 173
• (but note that a different nomenclature has been used for the oxygen sites). The Co(II) cations have been assigned to positions of threefold (in the center of a 6MR) or twofold (in the 8MR) symmetry. This assumption leads to rather high Co-O distances: three Co-O bonds with 2.25 A in the 6MR, two bonds of 2.38 Å, and one with 2.62 Å in the 8MR. These values are much larger than our results calculated for the off-symmetry locations of the Co(II) cation [2.06 Å for the fourfold coordinated cation in a 6MR, configuration (2); 2.04 Å for the threefold coordinated cation in a 8MR, configuration (4)]. Of the 1.7 Co atoms per unit cell about 0.76 are assigned to site I in a 6MR, 0.48 to site II in a 8MR, and 0.43 to site III in the center of the D6R (this site has not been included in the present study). The comparison illustrates the difficulties hampering a detailed analysis of the XRD data, but also confirms the predicted preference for a cation location in a 6MR.
VII. CONCLUSIONS
We have investigated the structure and energetics of purely siliceous, Al-substituted, and transition-metal exchanged chabazite, using periodic density-functional calculations with conventional semi-local (gradient-corrected) and hybrid exchange correlation functionals. The results can be summarized as follows:
(1) For purely siliceous chabazite, hybrid functionals predict a cell volume by 1.5% -2% smaller than GGA functionals, in almost perfect agreement with experiment. (3) The geometric difference reflects different distributions of the electron deficit around the Al site: with GGA functionals we find that about 2/3 of the missing electronic charge is distributed over the four oxygen neighbors, the rest is spread out over the framework. With hybrid functionals, the largest electron deficit of 0.5 and 0.33 electrons is found on the O(1) and O(3) sites, smaller deficits of 0.033 electrons on the O(2) and O(4). The stronger localization of the charge deficit is caused by the admixture of Hartree-Fock exchange in the hybrid functionals. Similar effects are also found in metal-exchanged chabazite where the charge on the framework is formally compensated by electrons transferred from the metal atoms. (4) For Cu(I) cations located in a coplanar off-center position within the 6MR a threefold coordination to framework oxygens is found with GGA functionals, while hybrid functionals predict a fourfold coordination in a location closer to the center of the ring. Cations in a 8MR are three-or twofold coordinated to oxygen atoms. In these cases both functionals predict nearly the same geometries, far removed from the center of the 8MR. Hybrid functionals predict a stronger bonding of the cation to the framework than GGA functionals, a location in the 6MR is always favored over a position in a 8MR. A location close to the center of the hexagonal prism is found to be unstable, the cation drifts towards the plane of 6MR containing the Al atom. (5) The ground state of a Cu(I) cation is a singlet. A triplet state is higher in energy by up to 2.8 eV, the energy difference being slightly higher with GGA functionals. For the high-spin state of the cation located in the 6MR, both functionals predict an only twofold coordination of the cation which also moves from the plane of the 6MR towards the center of the large cavity. Relaxation effects are less pronounced for the locations in a 8MR. (6) For a divalent Cu(II) cation the binding to the framework is much stronger. A cation located in a 6MR is always fourfold coordinated, whether one or two Al atoms are located in the 6MR, and also independent of the choice of the functional. Hybrid functionals only predict slightly shorter Al-O bonds. Cu(II) cations in a 8MR are always threefold coordinated, bonds to activated oxygen atoms are shorter by 0.05-0.15 Å if calculated with hybrid functionals. The energetically most favorable position is in a 6MR with two Al atoms, a location in a ring with only one Al is disfavored by about 1 eV. Positions in a 8MR are higher in energy by about 1.5 eV. If hybrid functionals are used, these energy differences increase by 0.3-0.5 eV. (7) For a Cu(II) cation the spin ground state is S = 1/2, the excited state has S = 3/2. The relaxed geometry of the quadruplet state is very similar to that of the triplet state of the Cu(I), with only two Cu(II)-O bonds for a position in the 6MR. Relaxation effects are less dramatic for cations in a 8MR. The energy difference between both spin states ranges between 4.5 (5.1) eV for configuration (1) (6MR with two Al) and 2.8(2.9) eV for configuration (6) (8MR with one Al), calculated with GGA (hybrid) functionals. (8) Bonding to the framework is even stronger for a Co(II) cation. In a 6MR with two Al atoms the Co(II) cation is located almost in the center of the ring. If only one Al atom is present it drifts towards the substitution site, but remains fourfold coordinated. In a position off the center of a 8MR, the Co(II) cation is always threefold coordinated. Differences in the Co(II)-O bond lengths calculated with both types of functionals are much smaller than for Cu(II). Energy differences between cation locations are comparable to Cu(II). Hybrid functionals yield energy differences larger by about 0.2 eV than GGA. (9) For a Co(II) cation the ground state is S = 3/2. For an excited low-spin state with S = 1/2 a cation in 6MR remains fourfold coordinated, but the distances to activated O atoms are contracted. Threefold coordination is also preserved for a location in a 8MR. The energy differences between the ground state and the excited lowspin state are modest, ranging between 0.3 and 0.5 (1.0 and 1.9) eV with GGA (hybrid) functionals. Formation of an excited high-spin state with S = 5/2 requires a much larger energy between 2.5 and 3.9 (2.8 and 5.0) eV with GGA (hybrid) functionals. The larger energy differences go parallel with larger relaxation effects. In configuration (1) a high-spin Co(II) cation remains fourfold coordinated, but in configuration (2) the coordination is reduced to threefold.
The predicted preference for a location of Cu and Co cations in a 6MR agrees with experimental observation and earlier calculations. However, the calculations indicate that the cation location has lower symmetry than inferred from XRD (or rather assumed in the interpretation of the XRD data)-this applies especially for location in a 6MR where only one Al/Si substitution site exists. These configurations predominate in high-silica chabazite. The average Cu-O distances calculated for Cu(II)-chabazite are in better agreement with experiment when hybrid functionals are used in the calculations. Hybrid functionals also describe the overall geometry of the siliceous framework somewhat better. However, they also indicate a stronger distortion of the framework around Al/Si site where no charge-compensating cation is present in the immediate vicinity. We have shown that the stronger distortion of the framework is correlated to a stronger localization of the charge-deficit created by the substitution. The stronger localization of the eigenstates associated with framework substitution and/or extra-framework cations is a characteristic feature of hybrid functionals. Together with the increased energy difference between occupied and empty eigenstates and between majority and minority spin states these effects dominate the electronic structure to be discussed in the following paper.
